Photo-polymerization of a reactive mesogen mixed with a mesogenic dimer, shown to exhibit the twist-bend nematic phase (N T B ), reveals the complex structure of the self-deformation patterns observed in planar cells. The polymerized reactive mesogen retains the structure formed by liquid crystalline molecules in the twist bend phase, thus enabling observation by Scanning Electron Microscope (SEM). Hierarchical ordering scales from tens of nanometers to micrometers are imaged in detail. Submicron
structures.
11 The phase is observed in wide range of materials and mixtures containing either odd-hydrocarbon-chain-link dimers or bent-core mesogenic materials. Mixing of the materials provides freedom for control of operating temperature range, that includes room temperature. This, combined with a relatively high tolerance to mixture compositions (up to 40% of added non-N T B components), makes the phase "ready to use" for potential applications. 12, 13 A combination of the flexoelectric properties and nanometer-scaled helical pitch 14, 15 provides one of the fastest electro-optic responses (a few microseconds) observed so far in LCs. Though yet not optimized for devices (the switching angle is very low), it demonstrates in principle the potential of making use of emerging chirality for photonic applications; and, beyond that, for chiral synthesis 16, 17 of pharmaceutical drugs.
The scale of the structures in the N T B phase ranges from the sample size/thickness, i.e.
several micrometers to several nanometers. Some features are found to be of the submicron size. 11 Meanwhile, optical microscopy, though extremely useful, is restricted to have its resolution limited by optical wavelength. In this Letter, we demonstrate that the technique of photopolymerization is extremely effective for deciphering the complex hierarchical structures in the N T B phase using SEM.
The structural formulae of the materials used in the experiment are shown in Figure   1 . Mixture of mesogenic dimer CB-C7-CB (approximately 70 w/w % of the total mixture) with 4-Cyano-4'-pentylbiphenyl (∼17.7 w/w% of 5CB in the total mixture) was prepared to lower the phase transitions temperatures and avoid thermally induced polymerization. pitch is not being observed, as would be expected from the "rope-like" patterns appearing in optical polarizing microscopy. Moreover, should the helix be present, the "fish-bone" patterns viewed in the optical range would change the direction when the microscope is refocused from one glass plate to the second. This is not observed. As reported earlier, 14 an application of the electric field reveals rather large (up to sample size) structurally chiral domains switching in the opposite directions at a speed corresponding to the deformation of the nanometer-scale helix. 15 The boundaries between such domains can be identified in POM images by characteristic discontinuities in the striped patterns present even in the absence of an electric field (see Figure 3a ,b in 14 ). In SEM images such boundary areas are also identifiable by a reduced value of α. The polymer "sponge" in the area tends to stay on one of the glass plates rather than being split. These observations will help in analysing a variety of domain boundary scenarios discussed by C. Meyer et. al. Far away from the domain boundary areas, the angle α is onset to an initial value of
25-30
• (Figure 2c ) at the N to N T B phase transition and then increases rapidly on cooling to a saturated value of 40-45
• which seems to be limited by the geometry of planar samples.
This is in agreement with observations for pure CBC7CB (Figure 4b in 24 ).
Since in a conventional nematic phase the molecular director is parallel to the rubbing direction (i.e. α = 0), one could expect existence of materials with a small (<22.5
• ) initial value of α in the N T B phase. If the average direction of the nanometer-scale helix axis follows the trend defined by the angle α, then, in such materials, an increase in this angle towards its saturation value will cause sign inversion in the first harmonic of the electro-optical response.
(See Section 2.2 of Ref. 25 for details of the experiment).
Though the sign inversion is not detected in the mixture of CBC7CB with 5CB used for SEM imaging presented above, this hypothesis is confirmed for at least two materials of the di-fluoroterphenyl dimer series (Figure 4 , inset) with m = 5, n = 7 and m = 5, n = 9 (the compounds DTC5C7 and DTC5C9). When a planar cell is positioned between the crossed polarizers with the rubbing direction at 22.5
• to the polarizer direction, the optical response at the fundamental frequency (1f ) of the applied field is proportional to sin(4(22.5
• ± α)) and its second harmonic (2f ) is proportional to cos(4(22.5
• ± α)) (see supplementary information). Therefore, at some point close to the onset of self-deformation striped pattern, the first harmonic will cross the zero value. This sign reversal is clearly visible in the data set presented in Figure 4 . Therefore the initial value of α at the transition to the N T B phase on cooling is below 22.5
• . This is in perfect agreement with the values for the director tilt obtained by NMR (Figure 11 in 28 ). The second harmonic signals generated by the change in α in the bands with opposite tilt will be canceled out, thus the 2f signal observed is mainly generated by the change in birefringence. This indicates that not only the in-plane position of the optical axis, but also the birefringence is varying with the applied field, i.e. the axis of the nano-scale helix may significantly deviate from the plane of the cell.
The absence of sign reversal of the response in the 20/80% w/w mixture of 5CB and CB-C7-CB confirms that the value of α stays between 22.5 • and 45
• over the entire N T B temperature range, as seen in SEM images.
We note that the handedness of the nano-scale helix must be the same over the area of measurements (∅2 mm) covering multiple periods of the self-deformation striped pattern.
Otherwise the first harmonic of the signal will be averaged over the pattern to zero.
In summary, we demonstrate that adding a photopolymerizeable component to a LC material provides an effective tool for detailed investigations of its structure. When combined with SEM imaging, details of the hierarchy of patterns in the N T B phase scaling from 20 nm to several µm and larger are revealed.
We rule out the presence of the "rope-like" micrometre-scale helix in favour of the "fishbone" structure. The structure is formed by a more dense irregular helix-like pattern(s) of ∼100 nm size. Those, in turn, are formed by ∼10 times smaller helical arrangements of molecules reported earlier.
18,19,21,27
We also note that the angle between the rubbing direction and the average filament axis is close to 40-45
• in most cases. This finding has led us to propose the existence of materials with sign reversal of the electro-optic response. An example of such a material is given.
Apart from the clear potential in revealing of complex liquid crystalline structures, the photo polymerization technique in combination with the unique properties of the twist-bend phase will open a novel platform for applications of micro-and nano-technology of advanced functional materials.
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